Greenhouse gas emissions represent a major problem associated with manure management in the livestock industry. A prerequisite to mitigate methane emissions occurring during manure storage is a clearer understanding of how the microbial consortia involved in methanogenesis function. Here, we have examined manure stored in outdoor tanks from two different farms, at different locations and depths. Physico-chemical and microbiological characterization of these samples indicated differences between each tank, as well as differences within each tank dependent on the depth of sampling. The dynamics of both the bacterial and archaeal communities within these samples were monitored over a 150-day period of anaerobic incubation to identify and track emerging microorganisms, which may be temporally important in the methanogenesis process. Analyses based on DNA fingerprinting of microbial communities identified trends common among all samples as well as trends specific to certain samples. All archaeal communities became enriched with Methanoculleus spp. over time, indicating that the hydrogenotrophic pathway of methanogenesis predominated. Although the emerging species differed in samples obtained from shallow depths compared to deep samples, the temporal enrichment of Methanoculleus suggests that this genus may represent a relevant indicator of methanogenic activity in swine manure storage tanks.
Introduction
In 2008, greenhouse gas (GHG) emissions from the agricultural sector accounted for 8.5% of the total GHG emissions in Canada, of which 12% originated from manure management (Blain et al., 2010) . In swine production buildings, manure is first collected into gutters located below the animals for temporary indoor storage, after which the manure is transferred to an outdoor tank where it is stored prior to spreading for agronomic valorization. GHG, ammonia and malodorous emissions represent major environmental concerns associated with outdoor liquid manure storage. Park et al. (2006) demonstrated that methane was the primary emitted GHG and that N 2 O emissions from such facilities were insignificant.
Several studies have been performed to precisely quantify the methane emissions from outdoor manure storage tanks, as well as to ascertain the influence of environmental conditions and of manure physico-chemical characteristics. These include manure composition (Martinez et al., 2003) , on farm antibiotic use (Godbout et al., with methanogenic Archaea. Several studies have examined and identified the Bacteria and Archaea present in stored pig manure by rRNA gene sequencing. The Bacteria communities are dominated by the genera Clostridium, Lactobacillus and Streptococcus, which have been previously detected in the swine gastrointestinal tract, faeces and anaerobic bioreactors treating swine waste (Whitehead & Cotta, 2001; Snell-Castro et al., 2005; Peu et al., 2006) . The Archaea populations were dominated by yet to be cultivated organisms, Methanobrevibacter, Methanoculleus, Methanogenium and Methanocorpusculum spp. (Whitehead & Cotta, 1999; Snell-Castro et al., 2005; Peu et al., 2006) . A more thorough understanding of how the manure microbial communities function in storage tanks could aid the development of manure management strategies for limiting the activity of these communities in storage tanks.
To understand the microbial processes related to methane emissions, identifying the microorganisms that are not only present but also active represents an important first step. However, there can be discrepancies between the most abundant microorganisms in contrast to those which are the most active in methanogenesis. This likely results from the fact that storage tanks are similar to fedbatch bioreactors, fed primarily with organisms indigenous to manure. To identify the microorganisms most active in methanogenesis, a different approach from in situ DNA-based inventories must be utilized.
In this study, our strategy was to monitor the temporal dynamics of Bacteria and Archaea communities during the anaerobic incubation of swine manure in a closed system, assuming that shifts in the community composition, tracked by DNA fingerprinting techniques, would reveal the most active genera in the overall process.
Materials and methods

Manure samples
Two swine finishing farms located near Sherbrooke, Québec, Canada, were selected for the study. In both cases, liquid manure was stored outdoors in concrete storage tanks. In April 2010, manure samples were collected at three points located at the periphery of the tanks (A, B, C) and at three depths (15 cm from the surface, 60 cm from the surface and at the bottom of the tank), resulting in nine 1-L samples from each tank. The manure depth was 3.5 m in tank 1 and 2.7 m in tank 2. Sampling depths were chosen to optimally cover the gradient of environmental parameters, such as temperature (see Massé et al., 2008) . The sampling apparatus consisted of a 3.6 m-long aluminium rod connected to a container with a retractable lid that was plunged into the storage tanks and opened at the sampling position and depth. From each primary manure sample, 4 9 0.5 mL aliquots were removed and immediately frozen in liquid nitrogen for molecular biology analyses. The remaining sample was maintained at ambient temperature during the transport from the farm to the laboratory for subsequent anaerobic incubation.
Anaerobic incubation
Within 4 h following collection, duplicate 230-g subsamples from each primary manure samples were transferred into 500-mL bottles. The remainder (~500 mL) was then frozen at À20°C prior to physico-chemical characterization. The bottles containing 230 g were flushed with nitrogen and then sealed with a butyl rubber stopper and an aluminium crimp seal. The 36 bottles were incubated at 25°C in a thermo-regulated chamber, to mimic the summer temperature in Canadian storage tanks (Massé et al., 2008) .
At least once a week, biogas volume was measured with a 2089 pressure gauge (Ashcroft Inc., Stratford) and then released. An 8-mL sample was collected from the gaseous phase of one of the replicate bottles to determine the CH 4 , CO 2 , H 2 S and N 2 content by gas chromatography. Following sampling of the head space gas, the bottles were shaken manually to homogenize the contents, and 0.5 mL was removed to determine volatile fatty acid (VFA) concentrations. When the methanogenic activity decreased, the sampling frequency was lowered.
On day 42 of the incubation as well as when the levels of VFAs fell below our detection limit (approximately day 150), four 0.5-mL subsamples were removed and immediately frozen in liquid nitrogen. Samples were stored at À80°C for further analyses.
Physico-chemical analyses
The frozen primary manure samples (approximately 500 mL) were thawed and then homogenized using a PT10/35 Polytron (Binkman Instruments, Rexdale, Canada). Samples were analysed for total chemical oxygen demand (TCOD), total solids (TS), volatile solids (VS), ammoniacal nitrogen (NH 3 -N), organic nitrogen (Org-N), pH and alkalinity. A 10-mL sample was also centrifuged at 13 000 g and the resulting pellet used to quantify total suspended solids (TSS) and volatile suspended solids (VSS). Soluble chemical oxygen demand (SCOD) and VFAs were quantified in the supernatant.
SCOD and TCOD were measured by the closed reflux colorimetric method (APHA, 1992) . TS and TSS contents were respectively determined by drying a 10-mL subsample and a 10-mL pellet for 20 h at 105°C. Dried solids were incinerated for 3 h at 550°C for volatile content measurement. The total Kjeldhal nitrogen was analysed on a 2-to 4-mL sample digested at 420°C with selenious acid. Total nitrogen and NH 3 -N were determined with a Kjeltec 2460 (Foss, Eden Prairie), and Org-N was calculated by subtraction. The VFAs (acetic, propionic, butyric, isobutyric, isovaleric, valeric and caproic acids) were analysed by an Autosystem Gas Chromatography (PerkinElmer, Woodbridge, Canada). Methane content in biogas samples was determined with a Hach Carle 04131-C Gas Chromatograph (Loveland, Co.).
Fingerprinting of Bacteria and Archaea populations
From the frozen subsamples taken at days 0, 42 and 150, DNA was extracted as previously described (Griffiths et al., 2000) , with minor modifications . Fingerprints of Bacteria communities were obtained by amplicon length heterogeneity of the 16S rRNA gene (LH-PCR) based on the method developed by Suzuki et al. (1998) and Mills et al. (2003) . For LH-PCR, amplification was performed with 6FAM-27F forward primer (5′-6-FAM-AGA GTT TGA TCM TGG CTC AG-3′ and 355R reverse primer (5′-GCT GCC TCC CGT AGG AGT-3′) (Lane, 1991) . To fingerprint the Archaea community, a recent method was used: LH-mcrA (Gagnon et al., 2011) , which is based on natural length variations of the mcrA gene encoding the alpha-subunit of the methyl coenzyme M reductase involved in methane formation by methanogenic Archaea. This method uses universal primers (mcrAfornew: 5′-GGT GTM GGD TTC ACH CAR TAY GC-3′ and mcrArevnew: 5′-6-FAM-TTC ATN GCR TAG TTH GGR TAG TT-3′) to amplify the mcrA gene, which is then analysed using capillary electrophoresis. PCR mixtures consisted of 19 Taq buffer (Bioshop Canada Inc.), 1.5 mM MgCl2 (Bioshop Canada Inc.), 0.5 lM of each primer (Applied Biosystems Canada), 0.1 mM of deoxynucleotide triphosphate (Bioshop Canada Inc.), DNA from manure (100 ng) and 0.625 U of Taq polymerase (Bioshop Canada Inc.) in a final volume of 25 lL. DNA denaturation was performed at 94°C for 2 min, followed by 28 cycles at 94°C for 60 s, annealing at 55°C for 60 s and elongation at 72°C for 60 s, and a final extension step at 72°C for 30 min, in an Eppendorf gradient thermal cycler (Fisher Scientific Ltd 
Cloning and sequencing
Clone libraries of the mcrA gene were constructed to identify the LH-mcrA peaks. Eight libraries were made from pooled DNA extracts of the three points at 15-cm depth of tank 1 at day 0 (n = 45) and day 42 of incubation (n = 39); the three bottom points of tank 1 at day 0 (n = 42) and day 42 (n = 43), the three points at 15-cm depth of tank 2 at day 0 (n = 44) and day 42 (n = 46), and of the three bottom points in tank 1 at day 0 (n = 40) and day 42 (n = 47). PCR amplification of mcrA genes was performed using the same conditions as for LH-mcrA (see above), except that the final volume was 50 lL. PCR products were purified with the QIA quick PCR purification kit (Qiagen Canada Inc. 
Construction of the phylogenetic tree
Sequences of the partial mcrA genes were initially aligned using MUSCLE (Edgar, 2004) . Aligned sequences were imported into the ARB program (Ludwig et al., 2004) , and similarity matrices calculated and used to assign consensus groups. Nearest relatives were obtained from NCBI following BLAST comparison of consensus sequences. Also included within the alignment were the corresponding partial mcrA genes obtained from the whole genomic sequences of various methanogens. All sequences were realigned using MUSCLE. The phylogenetic tree was generated using PHYLO_WIN program (Galtier et al., 1996) using the Nearest Neighbour Algorithm and a Jukes-Cantor correction (Jukes & Cantor, 1969) with pairwise gap removal. To statistically evaluate the tree, bootstrap values were calculated using data resampled 1000 times (Felsenstein, 1985) .
Statistical analyses
One-factor analysis of variance (ANOVA) was performed using Excel (Microsoft Corporation, Redmond). Unweighted Pair Group Method with Arithmetic Mean (UPGMA) clustering, Multi-Response Permutation Procedure (MRPP), Indicator Species Analysis (ISA) and Non-Metric Multidimensional Scaling (NMS) were performed using BrayCurtis (i.e. Sørenson) distance measures in the PC-ORD software (McCune & Mefford, 1999) . UPGMA clustering was used to identify groups of similarity among a set of fingerprints. MRPP was used to test for significance of group differences. A P-value < 0.05 was considered significant. ISA (Dufrêne & Legendre, 1997 ) was used to identify amplicons responsible for the differences observed among groups. For each amplicon, the proportional abundance in a particular group relative to the abundance in all groups and the relative frequency within a group were calculated. Indicator values (range from 0 to 100; absent to exclusively present, respectively) were obtained by multiplying the relative abundance by the relative frequency of each amplicon in a given group, as determined from fingerprint data. The fingerprint data were reduced to single points, which were projected into a two-dimensional space (biplot) using NMS ordination method. NMS was performed using 100 iterations with random starting configurations to ensure that minimum stress was achieved for the final ordination. The NMS biplots were rotated by varimax rotation (McCune & Grace, 2002) .
Results and discussion
Variability of manure samples
The physico-chemical characteristics of a manure sample are related to (i) substrate content, which is available for the microbial community and (ii) the environmental conditions to which microorganisms are exposed. The variability across the manure samples in terms of physico-chemical and microbiological characteristics were thus assessed in the study. The physico-chemical characteristics are summarized in Supporting information, Table S1 . NMS analysis of the entire data set ( Fig. 1 ) revealed two trends concerning the intra-and intertank variability.
In each tank, overall characteristics of manure samples were very similar at the three sample points (A, B, C) and at the two shallow depths (15 and 60 cm), but were different from the samples obtained from the bottom of each tank (Table S1 ). This difference resulted from significantly (one-factor analysis of variance, P < 0.05) higher concentrations of total/volatile solids, total/VSS, TCOD, ammoniacal/organic nitrogen, propionate, higher alkalinity and lower pH than found in shallow-depth samples. This difference is likely the result of manure particle sedimentation, consistent with previous observations of a swine waste lagoon (Lovanh et al., 2009) .
The second trend observed was related to the variability between the two tanks. Shallow-depth samples from tank 1 contained higher concentrations of total/volatile solids and VFAs than found in the shallow-depth samples from tank 2. Samples from the bottom of tank 1 also differed from tank 2 in terms of ammoniacal nitrogen content, VFA content, pH and alkalinity. There are various parameters that could contribute to these differences observed in manure samples from tank 1 and tank 2 and may be related to pig age and breed, feeding practices and the amount of wash water added (Miller & Varel, 2003) . In addition, the storage conditions may also differ including temperature, residence time of manure in tank and removal practices. Based on these two trends, the manure samples could be distinguished on the basis of initial physico-chemical parameters into four groups: tank 1/shallow depth, tank 1/bottom, tank 2/shallow depth and tank 2/bottom (Fig. 1 ). T1Bbot   T1A15   T1B15   T1A60   T1B60  T1C15  T1C60   T2Abot  T2Bbot  T2Cbot   T2A15   T2B15   T2A60   T2B60   T2C15   T2C60   T1Abot   T1Bbot   T1A15   T1B15   T1A60   T1B60  T1C15  T1C60   T2Abot  T2Bbot  T2Cbot   T2A15   T2B15   T2A60   T2B60   T2C15 A total of 74 peaks were detected in LH-PCR fingerprints used to characterize the bacterial communities. Among these peaks, those exceeding 1% abundance in at least one fingerprint were retained for further analysis. Three major amplicons (344, 345 and 352 bp) were identified in all LH-PCR fingerprints from day 0 samples (12 ± 3%, 7 ± 1% and 9 ± 1%, respectively). Two additional major amplicons were differentially represented in the samples: a 338-pb amplicon found to be more abundant in tank 1 (9 ± 1%) than in tank 2 (5 ± 2%), and a 343-bp amplicon that was more abundant in tank 2 (12 ± 3% against 5 ± 1%). On the basis of comparison of these amplicons with a LH-PCR clone library from an anaerobic digester treating swine manure, the 338-, 344-and 345-bp amplicons were tentatively associated with Bacteroidales members, the 343-and 344-bp with Clostridiales members, and the 343-and 352-bp with Lactobacillales members (unpublished data).
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UPGMA analysis of the whole fingerprint data at day 0 ( Fig. 2a) showed that the communities in each tank formed two distinct clusters. The variability within each tank was lower than that found between either tank. This result was supported by an MRPP analysis (Table 1 , test 1). Within each tank, fingerprints obtained from the bottom samples were distinct from those at 15-cm and 60-cm depths, which were interspersed. This suggests that, within each tank, bacterial community structure was similar at the shallow depths (15 cm and 60 cm), but different from that found at the bottom of each tank. Indicator species analysis revealed that these differences primarily resulted from a higher abundance of the 338-, 352-, 354-and 359-bp amplicons in shallow-depth communities of tank 1, of the 341-and 388-bp amplicons in bottom communities of tank 1, of the 339-, 343-and 349-bp amplicons at shallow-depth points of tank 2, and of the 345-, 366-, 369-and 387-bp amplicons at the bottom of tank 2 (Table 2, P-value 0.01). The 363-, 372-and 388-bp amplicons were exclusively detected in communities at the bottom of tank 1 and the 359-bp amplicon at the shallow depths of tank 1 (Table 2 , IVs of 100%).
LH-mcrA fingerprint analysis used to characterize the Archaea community within these samples revealed five peaks, suggesting that diversity of methanogenic Archaea was much lower than that of the bacterial communities. In most environments, Bacteria exhibit a higher phylogenetic diversity than Archaea, on the basis of 16S rRNA gene libraries (Aller & Kemp, 2008) . This has also been shown for swine manure storage tanks (Snell-Castro et al., 2005; Talbot et al., 2009) .
Regardless of which tank or sample depth, the archaeal communities were dominated by a 485-bp amplicon, having an average abundance of 57 ±7%, followed by a 467-and 464-bp amplicon, having an average abundance of 22 ± 7% and 15 ± 5%, respectively (data not shown). Clone library analyses showed that the 485-bp amplicon resolved into several operational taxonomic units, interspersed through the order Methanomicrobiales (Table 3 ; Fig. 3a and b) . This finding indicates that amplicon length alone is not sufficient for identification of archaeal species composition within an environmental sample. The 467-bp amplicon encompassed clones that aligned into a cluster containing no previously isolated species, whereas Overall, the archaeal community in both tanks was similar to previously characterized communities in terms of the dominant genera (Whitehead & Cotta, 1999; SnellCastro et al., 2005; Peu et al., 2006) .
UPGMA dendrogram showed that the archaeal communities formed two main clusters and one isolated branch encompassing a sample taken at point B from the bottom of tank 1 (Fig. 2b) . The samples from tank 1 in most instances clustered together, as did samples from tank 2, with the exception of T1A -bottom and T2B-15. The presence of three branches within the dendrogram was, however, unexpected. Nonetheless, MRPP analysis revealed that the fingerprint group from tank 1 was statistically different from that formed from tank 2 (Table 1 , test 1). Indicator Species Analysis based on grouping the LH-mcrA fingerprints the same as for LH-PCR fingerprints (tank 1, shallow depth; tank 1, bottom; tank 2, shallow depth and tank 2, bottom) demonstrated that the shallow depth of tank 1 was characterized by the higher Fig. 3 . Phylogenetic tree derived from the alignment of mcrA DNA clones with previously reported mcrA and mrtA (when specified) sequences. The Methanomicrobiales order is detailed in part a, and the whole archaeal superkingdom is represented in part b. The legend bar represents a 5% sequence divergence. The tree was generated by neighbour joining with Bootstrap values for 1000 permutations indicated at the branch points. Clones are indicated in bold. Overall, the structure of both the Bacteria and Archaea communities exhibited stratification as a function of depth. Similar community stratification has previously been observed in a swine waste treatment anaerobic lagoon (Lovanh et al., 2009) . Given the stratification of physico-chemical characteristics in the tanks, the competition for substrates and the inhibitory effects taking place in the bottom of the tanks can differ from the ones near the surface, resulting in different microbial consortia.
Monitoring of anaerobic metabolism in incubated manure samples
Examples of methanogenic activity occurring during the anaerobic incubation of manure samples are shown in Fig. 4 . The biogas produced was composed of methane, carbon dioxide and hydrogen sulphide, the latter never exceeding 0.5%. During the initial phase of incubation (lasting 42-90 days), acetate and propionate concentrations remained stable in all shallow-depth samples when methane was produced. This suggests that over the initial incubation phase, a balance between acidogenesis/acetogenesis and methanogenesis was occurring. In contrast, in the samples from the bottom of the tanks, acetate and propionate levels increased over the initial incubation (20 -120 days), suggesting that acidogenic and acetogenic bacteria were producing VFAs at a faster rate than syntrophic Bacteria and methanogenic Archaea were consuming VFAs. These differences likely reflect substrate availability and differences in the microbial communities associated with the deep samples. Following the initial incubation phase, VFA concentrations decreased in all samples.
In the two duplicate bottles containing manure from the bottom of tank 1 sampled at point C, VFAs accumulated to a greater extent compared to the other samples; this was particularly evident for propionate and isovalerate which each respectively reached 13 ± 2 and 1.2 ± 0.2 g L
À1
. Furthermore, methanogenesis was inhibited within these samples, as indicated by the low methane content of the biogas (49 ± 2% vs. 74 ± 4% average for all other samples). This behaviour might be explained by the location of sampling as point C was near where the manure was fed into the tank. On this basis, this sample was consequently excluded from further analyses.
Overall, samples from Tank 1 exhibited faster kinetics of biogas production than those from tank 2. In tank 2, methane production occurred at a lower rate over the first 70 days of incubation, whereas samples from tank 1 produced biogas at maximum rate at the beginning of the incubation period (Fig. 4) . Indeed, the volume of produced biogas reached half of the 150-day value after 63 ± 11 days in manure from tank 1 and 96 ± 5 days in manure from tank 2. Moreover, the stabilization of the system in terms of methane content in biogas (~75% v/v) was reached after approximately 30 and 60 days in tank 1 and 2, respectively. VFA concentrations also became undetectable earlier in tank 1. In both tanks, one-factor analysis of variance revealed that the final biogas production was not statistically different at 15-cm and 60-cm depths (tank 1: P = 0.90; tank 2: P = 0.61) whereas it was significantly higher in samples taken from the bottom (P < 0.01 for both tanks).
Overall, the behaviour of manure samples during anaerobic incubation correlated with both the physicochemical and microbiological data of the initial samples, because four groups could again be distinguished: tank 1/ shallow-depth, tank 1/bottom, tank 2/shallow-depth and tank 2/bottom.
Dynamics of Bacteria populations
The dynamics of bacterial communities, based on LH-PCR fingerprints of incubated manure samples from day 0, day 42 and day 150, were analysed by NMS (Fig. 5a ). All samples from tank 1, regardless of depth or time, clustered in the upper portion of the biplot, whereas samples from tank 2 clustered in the lower portion of the ordination space. This observation at tank scale was supported by an MRPP test, showing that these two groups were statistically different (Table 1, test 4) .
Each of the four manure groups defined on the basis of the initial physico-chemical and microbiological characteristics followed its own path as a function of time on the NMS biplot. The four regions of the NMS biplot defined by the four paths were statistically different (Table 1 , MRPP tests 5-10). These specific trajectories were not only due to initial differences but also to the temporal emergence of specific amplicons. For example, samples from the bottom of tank 1 were characterized by the increase in the 339-bp amplicon from 1.6 ± 1.4% on day 0 to 4.6 ± 0.4% on day 150 while this peak decreased in the other groups. In tank 2, a 488-bp amplicon became detectable in communities from the bottom, but was not detected in the other samples from this tank (data not shown). Both amplicons were also identified by an ISA on the four clusters on day 150. The 339-bp amplicon had an indicator value of 70% and a P-value < 0.01, whereas for the 488-pb amplicon these values were 96% and 0.05, for bottom communities in tank 1 and 2, respectively.
While bacterial community dynamics within each of the four manure clusters were specific, each cluster also shared some common trends. In all cases, this included significant increases of the 345-, 356-, 364-, 375-and 447-bp amplicons, as revealed by ANOVA of the samples grouped by date regardless of sampling tank/depth. The 345-bp amplicon increased from 7 ± 1% on day 0 to 18 ± 4% on day 150, 356-bp from 0.2 ± 0.8% to 1.6 ± 1.5%, 364-bp from undetectable to 1.3 ± 0.6%, 375-bp from 0.2 ± 0.2% to 6.5 ± 7.5% and 447-bp from 0.1 ± 0.1% to 2.4 ± 2.2% (P < 0.01). These common trends were also illustrated by the left-to-right bacterial community dynamics on the NMS biplot. The emerging amplicons represent the potentially most active and widespread Bacteria in the two swine manure storage tanks included in the study. Only the 345-bp amplicon formed part of the predominant peaks in the initial samples, which underlines the fact that the most active Bacteria leading to methanogenesis are not necessarily the most abundant ones in the tank. with Clostridiales (unpublished data). These results are consistent with the predominance of Clostridia and Bacteroidetes found in a methanogenic digester treating swine manure, that is, in a consortium adapted to manure substrate (Kröber et al., 2009) .
Dynamics of Archaea populations
The LH-mcrA fingerprints of methanogenic Archaea were significantly different in tank 1 and in tank 2 at each incubation date (Table 1 , MRPP tests 1-3) and globally ( Table 1 , test 4). However, in tank 1 there was overlap in terms of community dynamics in samples from shallow depths compared to those from the bottom of the tank, as indicated by MRPP (Table 1 , MRPP tests 5-7), and a similar situation was observed in tank 2 (Table 1, tests 8-10) . Indeed, the temporal dynamics of methanogenic Archaea as revealed by NMS of the LH-mcrA fingerprints (Fig. 5b) were more similar than Bacteria community dynamics, although this may reflect the much lower diversity in the Archaea communities. A pattern apparent in all samples was an increase in the abundance of the 483-bp amplicon from 5 ± 4% on day 0 to 16 ± 9% on day 42 and 43 ± 7% on day 150. The 481-bp amplicon also increased but to a lesser extent, from 1 ± 2% on day 0 to 4 ± 5% on day 42 and 6 ± 3% at day 150. On the basis of our monitoring of archaeal community dynamics by LH-mcrA, the 483-bp amplicon represents the major Archaea involved in methanogenesis over the course of sample incubation. It is noteworthy that 483-bp amplicon was not abundant in the initial community, which again demonstrates the discrepancy between abundance and activity. Furthermore, this amplicon may represent an indicator for methanogenesis.
Phylogenetic identification of the 483-bp amplicon
To characterize the phylogeny and diversity of the emerging archaeal community, clone libraries were constructed from the four clusters defined by our initial characterization of the manure samples, at day 42 of incubation (Table 3 , LB4, LB6, LB8, LB10). To reveal the emerging genera, we compared these libraries to those made from the day 0 samples. To ensure that the Archaea identified would be active in situ, we chose to examine clone libraries produced from the day 42 samples rather than those from day 150. At day 42, the VFA concentrations had not significantly changed, whereas by day 150 many of the samples were starved (Fig. 4) .
The only phylogenetic group that increased in terms of relative abundance in libraries between day 0 and day 42 consisted of clones related to the Methanoculleus genus, and this pattern was shared by tank 1 and tank 2, at all depths (Table 3) . This is consistent with LH-mcrA monitoring data, because the 483-bp amplicon is related to Methanoculleus spp. (Gagnon et al., 2011) . Three phylotypes not closely related to previously isolated species exhibited major increases in bottom or shallow-depth communities by day 42. The first phylotype, LB4B11, increased from 0 to 28% in shallow-depth communities from tank 1 and from 5% to 28% in shallow-depth communities from tank 2 ( Table 3) . The second phylotype, LB3E4, increased from 2% to 14% in bottom communities of tank 1 and from 5% to 13% in bottom communities of tank 2. The third phylotype, LB3E9, sharing 94% sequence homology with Methanoculleus thermophilus, increased from 0% to 9% in libraries from bottom samples of both tanks. On the basis of these results, the LB4B11 phylotype likely represented the active methanogens in shallow-depth communities of both tanks, whereas the LB3E4 and LB3E9 phylotypes were the most active in the communities sampled from the bottom of both tanks. Phylogenetic relationships among all clones are shown in Fig. 3a and b. At the phylotype level, a greater difference was found between sampling depths than found between tanks. Certain parameters such as substrate availability or environmental conditions that differentiate the bottom samples from those taken at shallow depth may provide an advantage for one species relative to another. Nonetheless, at the genus level, Methanoculleus was shown to increase in all samples from day 0 to day 42. The increase in the relative abundance of Methanoculleus spp. is likely the result of a higher growth of Methanoculleus spp. and/or of the higher decay of the other methanogenic genera. Both phenomena indicate a higher metabolic activity of Methanoculleus spp. by comparison with the other methanogenic genera. On this basis, the Methanoculleus genus may represent a relevant biomarker for methanogenic activity in swine manure storage tanks. Methanoculleus spp. can utilize H 2 /CO 2 and formate as carbon sources (Demirel & Scherer, 2008) . The identification of Methanoculleus spp. as major contributors to methanogenesis indicates that the hydrogenotrophic pathway likely predominates over acetoclastic pathway in these swine manure storage tanks. The factors that control acetoclastic vs. hydrogenotrophic methanogenesis are not well understood, although hydrogen concentration is thought to represent a key factor (Demirel & Scherer, 2008) . During the anaerobic digestion of a wide range of organic wastes in continuous bioreactors, acetoclastic Methanosaeta spp. and Methanosarcina spp. have been usually found to predominate, with Methanosarcina sp. being favoured at high ammonia and VFA levels (Tabatabaei et al., 2010) found that the hydrogenotrophic pathway and the Methanoculleus genus were predominant in reactors fed with liquid swine manure (Patil et al., 2010; Zhu et al., 2011) as well as with mixtures of swine manure and/or cattle manure with other agricultural wastes (Nettmann et al., 2010; Jaenicke et al., 2011) . Not only is this genus active in controlled and engineered systems, but it also appears to be a key actor in methanogenesis within our storage tanks. We are currently completing DNA-stable isotope probing experiments to confirm this finding.
Conclusion
To improve our understanding of the methanogenesis process in swine manure storage tanks, we examined both the physico-chemical properties and microbial community dynamics in manure samples from two storage tanks taken at different points and depths. Temporal dynamics of the bacterial communities during methanogenesis exhibited both common as well as specific trends. In contrast, in the archaeal communities, a single LH-mcrA amplicon related to Methanoculleus spp. increased with time in all samples. Three phylotypes aligning within the genus Methanoculleus increased over time. One of these phylotypes was found to increase in shallow-depth samples from both tanks whereas the two other phylotypes were enriched in samples taken from the bottom of both tanks. Substrate and environmental parameters may account for these differences. However, at the genus level, Methanoculleus were found to be the main contributors to methanogenesis in all manure samples. These results indicate that the hydrogenotrophic pathway was dominant and suggest that this genus may represent a potential biomarker to adopt better management practices to mitigate methane emissions during manure storage. The abundance and activity of Methanoculleus spp. as measured by DNA-or RNA-based quantitative methods might be useful as an indicator to assess, monitor and model new management strategies aimed at lowering the methanogenic activity in manure storage tanks.
